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ABSTRACT 

Part I 

Mutants of phage T4 defective in genes 39, 52, 58-61 

and 60 (the DNA delay or DD genes) are characterized by a 

delay in phage DNA synthesis during infection of a non-

permissive E. coll host. Amber (am) .mutants defective in 

these genes multiply to some extent in the non-permissive 

host at 37°C. It was found that when DD am mutants are 

grown on a non-permissive host at 25°C rather than at 37°C, 

phage yield as well as phage DNA synthesis is drastically 

reduced. Mutants defective in the DD genes were found to 

promote increased recombination as well as Increased base 

substitution and addition/deletion mutation. These obser

vations indicate that the products of the DD genes are essen

tial for normal DNA replication. 

The multiplication of the DD am mutants on the non-

permissive host at 37° is drastically inhibited if prior to 

infection the host cells were grown at 25°. This result 

suggests that multiplication of DD am mutants at 37° in a 

non-permissive host requires a host component which is 

active in cells grown at 37°C prior to infection, but la 

inactive when this prior growth is at 25°C. Two temperature 

sensitive (ts) mutations in gene 39 were isolated by other 

workers. To explain the existence of these mutations in view 

xill 
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of the above hypothesis that a host component can compensate 

at high temperatures, it is suggested that an altered prod

uct of gene 39 can interact with and Inactivate the host 

component at higher temperatures. It has been demonstrated 

that am mutations in genes 52 and 60 completely suppress 

one of these gene 39 ts. mutations. This indicates that the 

products of genes 52 and 60 may be necessary for the product 

of gene 39 to interact with the host component. Indirect 

evidence from other laboratories Implicates the products of 

DD genes as having membrane-associated functions. It is 

proposed that the products genes 52, 60 and 39 as well as a 

host component form a membrane bound multi-protein complex 

that is necessary for the normal replication of phage DNA. 

Part II 

Phage T4 infected cells normally develop resistance 

to a subsequently infecting phage. A mutant has been iden

tified which lacks the ability to establish this resistance. 

The gene function defined by this mutant probably acts at 

the level of the host membrane leading to the exclusion of 

superinfecting phage. 



PART I 

EVIDENCE FOR A COMPLEX OF HOST AND PHAGE 

PROTEINS UTILIZED IN DNA SYNTHESIS 

1 



CHAPTER 1 

INTRODUCTION 

Mutants defective in the four bacteriophage T4 genes 

39, 52, 60 and 58-61 have a similar phenotype characterized 

by a delay in phage DNA synthesis when they infect a non-

permissive E. coll host. Mutants of gene 58-61 were 

originally misclassifled into two complementation groups 

corresponding to genes 58 and 61. Subsequently, however, 

it was recognized (Yegian et al., 1971) that these mutants 

belong to one cistron and we now designate the gene as 58-

61. These four genes are said to have a DNA-delay phenotype 

(Epstein et al., 1963) and the mutants defective in these 

genes are referred to as DNA-delay or DD mutants. All DD 

amber mutants tested are leaky. That is, whereas am mutants 

usually produce polypeptide fragments and produce very low, 

if any, yields of viable phage in an E. coll host that lacks 

a suppressor for the nonsense codon, the DD am mutants grow 

on cells lacking the suppressor and produce a substantial 

yield of progeny phage. This leakiness of these DD mutants 

has impeded efforts to determine their functional defect. 

The DNA-delay genes are located in a region of the 

T4 genetic map which contains several other genes with 

membrane-related functions. Genes 39, 52 and 60 map in a 



cluster near the rlIA and rllB clstrons (Garen, 1961; 

Ferroluzzl-Ames and Ames, 1965; Brock, 1965; Rutberg and Rut-

berg, 1966; Seklguchl, 1966; Se'chaud, Kellenberger and 

Streisinger, 1967; Krylov, 1970), genes a£ (Edgar and Epstein, 

1961; Silver, 1967) and gene t (Josslin, 1970). Gene 58-61 

maps close to gene 3 (Emrlch, 1968). The gene 39 product has 

been shown to affect several membrane-associated phenomena. 

Guttman and Begley (1968) concluded that the transport of Mg++ 

cations was enhanced by the presence of wild type DD gene 

39 product. Dion and Cohen (1971) found that the uptake of 

spermidine depended on synthesis of the gene 39 product. 

Earhart (1972) has observed that phage DNA is released pre

maturely from its association with the host cell membrane 

in cells infected with a gene 39 or gene 60 mutant. 

Evidence is presented which indicates that a host 

component (or components) is involved in compensation for 

the loss of DD function and that the primary defect of the 

DD mutants is in DNA synthesis. Evidence is also presented 

which indicates that the product of gene 39 interacts with 

the host component as well as with the products of genes 52 

and 60. 

Our observations, taken together with those quoted 

above suggest that the products of DD genes 39, 52 and 60 

form a multi-protein complex with a host component which la 

probably located at a membrane site. This complex appears 

to be necessary for the normal replication of T4 phage DNA. 



CHAPTER 2 

MATERIALS AND METHODS 

(a) Phage and Bacterial Strains 

All T4 phage mutants used In this study came from 

the California Institute of Technology collection under the 

care of W. Wood. The designations of these mutants are 

Indicated in the gene maps shown in Fig. 1, p. 12-15. 

Two E. coll strains lacking an am suppressor, S/6 • 

and 594, as well as two strains containing an am suppressor, 

CR63 and 011', were used. 594 (Campbell, 1961) and CR63 

(Appleyard, McGregor and Baird, 1965) were derived from 

E. coll K12 while S/6 and 011' were derived from E. eoli B 

(Epstein et al., 1963; Yegian et al., 1971). 

(b) Media 

H-broth was used for growth and suspension of phage 

and bacteria. EHA bottom and top agar were used for a plaque as

say or for plating of bacteria. H-brotti consisted of 5 g bacto-

peptone, 5 g of NaCl and 1 g of glucose in 1 liter of water. 

EHA bottom agar for plates included 1 0 g of bacto-agar, 13 

g of bacto-tryptone, 8 g of NaCl, 2 g of sodium citrate and 

1.3 g of glucose in 1 litre of water, while top agar con

tained 6.5 g of bacto-agar, 13 g of bacto-tryptone, 8 g of 

NaCl, 2 g of sodium citrate and 3 g of glucose in 1 liter 



of water (Steinberg and Edgar, 1962). M9 media was used 

for growth of Infected cells in DNA-labelling experiments 

and the composition Is described by Clowes and Hayes (1968). 

(c) Preparation of Phage Stocks 

The phage stocks used In these studies were derived 

from single plaques. High titer phage stocks were prepared 

by a plate lysate method adapted from that described by 

Edgar (1963). A 0.1 - 1 .0 ml aliquot of a phage suspension 

at 1o5 to 10^ phage per ml was plated with E. coll CR63 and 

incubated to allow confluent lysis. Enough chloroform was 

added to kill surviving bacteria and 5 ml of H-broth was 

then added to each plate and left overnight. The lysate 

was collected next morning, filtered to remove bacterial 

debris, and then stored in a screw cap tube in the refrig

erator. The titer of the phage stock varied from 1 01 0 -

10 1 1 .  

(d) Preparation of Bacterial Plating; Cultures 

Fresh log phase cultures of bacteria which were 

used for phage assays were prepared for each experiment by 

inoculating 250 ml of H-broth with 2.5 ml of a fresh over

night culture of bacteria and incubating the suspension for 

about 2.5 hours with aeration at 37°C. The bacteria were 

then collected by centrifugation and resuspended in 10 to 

20 ml of H-broth. 
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(e) Test of Efficiency of Plating 

Fresh bacterial cultures and one day old agar 

plates were used for plaque assay to determine efficiency 

of plating of am mutants. Phage were diluted to give about 

500 plaques per plate. These plates were Incubated at a 

desired temperature for 12-18 hours. Efficiency of plating 

(e.o.p.) on a particular host strain was calculated as the 

percentage of the number of plaques obtained on that strain 

to the number formed on E. coll CR63 at 37°C when equal 

allquots of phage were plated. 

(f) Preparation of Bacteria as Host 
for Phapce in Liquid Cultures 

Bacterial strains used as hosts for phage growth 

in liquid cultures were prepared by inoculating 10 ml of H-

broth with 0.1 - 0.2 ml of a fresh overnight culture of 

bacteria. The suspension was then incubated for 2.5-4 

hours, depending on the temperature, until the bacterial 
I O 

concentration reached about 4 x. 10° ml (as determined by 

direct microscopic count). 

(g) Burst Size Determinations 

Bacterial hosts used in burst size determinatlona 

were grown at the requisite temperature as described (Sec. f). 

Just prior to phage infection, an aliquot of cells was 

plated to determine the titer of bacteria. 0.5 ml of bac

teria was added to 0.02 ml of 0.05 M KCN and then 0.5 ml 



of phage (at a m.o.i. of about 10) were added. After 10 

minutes at 37° or 41°C (or 15 minutes at 25°C) to allow for 

phage adsorption, the mixture was diluted 4x10^ fold into 

H-broth. This dilution of the KCN allows Initiation of 

phage growth. A 1.0 ml aliquot of the diluted of phage-

cell mixture was then immediately transferred to 1 .0 ml of 

H-medium plus chloroform and a sample plated on E. coll 

CR63 at 37°C to determine the titer of unadsorbed phage. 

After 60 to 120 minutes, depending on growth temperature, 

chloroform was added to the growth cultures and the titer 

of progeny phage was determined by plaque assay with E. coll 

CR63. Phage burst size was calculated as the ratio of the 

phage titer to the titer of infected bacteria. 

(h) Temperature-Shift Experiments 

The host bacteria were grown (Sec. f) at 25°C and 
Q 

when their concentration reached about 4 x 10°, 0.5 ml of 

the suspension was added to a tube containing 0.5 ml phage 

(at a titer of 2 x 109) plus 0.02 ml of 0.05 M KCN at 37°C. 

After 10 minutes for adsorption, the culture was diluted 

and the procedure followed as above (Sec. g). A similar pro

cedure was followed when infected cultures were shifted from 

37° to 25°C. 

(i) Bacteriophage Crosses 

Phage crosses were performed at 37°C using E. coll 

CR63 as a host by the method described by Fisher and 
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Bernstein (1965). Total phage progeny was determined by 

plaque assay on E. coll CR63 and incubating these cultures 

at permissive temperatures while the number of phage recom

binants was determined by plaque assay of progeny from phage 

crosses under non-permissive conditions (E. coll S/6 at 25°C 

for am x am, E. coll K12-594 at 25°C for am x rll crosses 

and E. coll S/6 at 45°C for ts x ts crosses). 

(.1) Preparation of Double Mutants 

Amts double mutants were Isolated by spotting indi

vidual plaques from the lysate of a ts x am cross under 

permissive conditions (E. coll CR63 at 25°) and each of the 

non-permissive conditions (E. coll CR63 at 45° and E. coll 

S/6 at 25°). Amts double mutants would not grow on E. coll 

S/6 and produce no plaques or tiny plaques on E. coll CR63 

at 45°C. Table 1-1 shows the pattern of responses expected 

of the amts double mutants as well as each of the parental 

strains. 

Table 1-1 . Plaque Assay to Determine the Phenotype of amts 
Double Mutants 

Mutant E. coli S/6 E. coli CR63 
25° C 45°C 25° C 

amts - - + 

am - + + 

ts + + 

= no growth of phage, + = growth of phage 



Individual plaques from the am x ts cross were 

touched with a toothpick and consecutively stabbed on plates 

containing E. coll S/6 and CR63 which were incubated under 

the conditions indicated. The presence of the ts mutation 

in most presumed amts double mutants was confirmed by se

lecting am4- revertants of the double mutants on E. coll S/6 

at 25°C and then testing these revertants for.capacity to 

grow at the non-permissive temperature, 45°C. 

Am rll double mutants were constructed by testing 

individual plaques from the progeny of am x rll crosses 

made under permissive conditions (E. coll CR63, 37°C)* The 

plaque assays were made on E. coll S/6 at 25° and on E. coll 

K12-594 at 37° (restrictive conditions for am and rll 

mutants, respectively) and E. coll CR63 at 37°C (permissive 

condition). The segregants with the double mutant phenotype 

were picked from the permissive indicator plates, suspended 

in H-broth and after suitable dilutions again tested for 

their double mutant phenotype by plating under restrictive 

and permissive conditions. The double mutant stocks were 

grown as in (c). 

(k) Complementation Tests 

Mixed infections to test complementation between 

mutantB were performed under non-permissive or partially 

permissive conditions. Am x am mixed infections were per

formed usingE. coll S/6 at 25°C, while ts x ts mixed 
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infections were carried out using E. coll 5/6 at 41°C. Total 

progeny was measured by plating on E. coll CR63 at 37°C for 

am x am mixed infections and at 25°C for t_s x tj» mixed in

fections. 

(1) DNA Synthesis: Measurement of Incorporation 
of Thyaldlne-Methyl-OH into 
Acid-Insoluble Material 

• E. coll S/6 was grown in M9 medium at 25°C. When 

the bacterial concentration reached 4 x 10®, 0.5 ml of the 

culture was added to a suspension of each phage (at a titer 

of about 2 x 1o9) supplemented with 0.1 ml of 0.01 mCi 

thymidine-methyl-^H. 0.1 ml samples of the infected culture 

were withdrawn at regular intervals and immediately precipi

tated in 1 .0 ml of ice cold 5% TCA containing 250 ;ug/ml of 

thymidine. Each of the samples was repeatedly washed with 

the TCA solution and filtered on a Millipore filter. 

The filters were dried and radioactivity of each measured 

in a liquid scintillation counter using 4 gm of BBOT/liter 

of toluene. 



CHAPTER 3 

RESULTS 

(a) The Effect of Temperature on Efficiency 
of Plating of DD am Mutants 

In general am mutants do not form plaques on E. coll 

S/6, the standard non-permissive (restrictive) host for am 

mutants. In contrast, am mutants defective In all four of 

the DD genes (39, 52, 60 and 58-61) are characteristically 

able to grow and form small plaques on E. coll S/6. The 

present investigation started with the observation, made 

Jointly with M. Vallee In this laboratory, that DD amber 

mutants form plaques at 37°C or above but yield no plaques 

when plated at 25°C on E. coll S/6. The plating character

istics of DD am mutants were Investigated by comparing their 

efficiency of plating on E. coll S/6 vs E. coll CR63 at 37°. 

It was found that efficiency of plating was relatively re

producible for a given mutant in repeated determinations, 

but varied from mutant to mutant. The efficiency of plating 

of DD am mutants varied from as high as 70/6 to values below 

1 %. 

A genetic map was constructed for each of the four 

DD genes (Fig. 1). The efficiency of plating of each mutant 

on E. coll S/6 was compared to its map position. Table 1-2 

shows the efficiency of plating of representative mutants 

11 
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Table 1-2. Efficiency of Plating of Representative am 
Mutants in Genes 39, 52, and 60* 

Gene Mutant Map Position Efficiency of 
Plating 

Gene 39 amNG457 0 27 

amE672 0.46 69 

amE26 7.3 20 

amE480 8.6 10 

amE556 13.8 70 

amE839 15.0 10 

Gene 52 amE670 0 23 

amH17 8.8 5 

amNG576 9.8 26 

amE663 1 3.6 !9 

amE1111 14.9 53 

Gene 60 amE416 0 62 

amE4l 2 0.21 55 

amE1217 1 .2 16 

amE300 2.2 15 

amHL626 3.2 12 

•Efficiency of plating estimates were calculated as 
the % of plaques on E.coll S/6 compared to E. coll CR63 at 
37°C. The figures given are the averages of two separate 
measurements. Map positions of these mutants are from Pig. 
1 and were obtained by summing the % recombination between 
neighboring mutant sites on the map. 
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from the "beginning, middle and the end of genes 39, 52 and 

60 whose orientation within the genetic map of phage T4 is 

known, so that direction of translation can be deduced. 

These results illustrate that the variation in efficiency 

of plating of the mutants did not show any striking corre

lation with the position of the mutation on the genetic 

map. Mutations in gene 60 which gave high efficiency of 

plating were at the beginning of the gene and mutations 

which produced the lowest efficiency of plating were at the 

end of the gene. Mutants in genes 52 and 39 showed more 

variability in their efficiency of plating. The data for gene 

58-61 are not given since mutants in this gene are too few 

to determine if a pattern was present. 

To show that the level of efficiency of plating of 

a given am mutation is characteristic of that mutation and 

is relatively unaffected by subtle differences in the 

genetic gackgrounds of the strains, crosses were carried 

out with wild type phage and am segregants were examined 

for their degree of efficiency of plating. The two most 

leaky gene 39 mutants (am5158 and amE556) and the two least 

leaky ones (amE480 and amS604) were crossed to wild type, 

T4D+. Ten am segregants from each cross were plated out on 

E. coll S/6 and E. coll CR63 at 37°C to determine their 

efficiency of plating. The results of this experiment are 

shown in Table 1-3. The standard deviation in each set of 

10 is small and consistent within the range of experimental 
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Table 1-3. Efficiency of Plating of the Segregating am 
Progeny from Backcross of Selected Gene 39 am 
Mutants to T4D+* 

Segregant amE1 58 
x T4D+ 

amE556 
x T4DT 

amE480 
x T4D"1" 

amE604 
x T4D'r 

1 89 78 8 17 

2 90 80 8 18 

3 90 81 17 23 

4 71 80 19 20 

5 85 78 13 11 

6 86 90 21 14 

7 ' 85 86 20 18 

8 68 94. 9 16 

9 65 70 19 12 

10 69 68 15 19 

mean 80 81 15 17 

standard 9 8 5 3 
deviation 

*The am mutants were crossed to T4D+ as described in 
Materials and Methods. Progeny phage were plated on E. 
coll CR63 at 37°C. Individual plaques were picked, sus
pended in H-broth and assayed on E. coll S/6 at 256 and 
37°C, and on E. coll CR63 at 37°CT Only segregants vfaich 
did not grow on the E. coll S/6 at 25° (i.e., the segre
gants with the DD am""phenotype) were tested for their effi
ciency of plating on E. coll S/6 compared to E. coll CR63 
at 37 C. 
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error at 5% level of significance. This result indicates 

that the degree of leakiness of a mutant is not signifi

cantly Influenced by factors in its genetic background. 

(b) Comparison of Burst Size and Efficiency 
of Plating of Individual Mutants 

The efficiency of plating of some of the DD am 

mutants is shown in Table 1-2. Efficiency of plating of 

each mutant was reproducible, and was not substantially 

affected by factors in the genetic background of the mutants 

(Table 1-3). Burst size measurements are a more precise 

quantitation of partial gene function than efficiency of 

plating. To determine if the two measures correlate at a 

growth temperature of 37°C, burst sizes of the two gene 39 

am mutants giving the highest efficiency of plating and the 

two giving the lowest were measured (Table 1-4). No corre

lation between efficiency of plating and burst size was 

apparent. A possible explanation for the lack of corre

lation is that the efficiency of plating depends both on 

burst size and latent period (the interval between infection 

and release of progeny virus following spontaneous lysis) 

and the latent period is prolonged with the DD am mutants 

compared to wild type (Yegian et al., 1971). 

(c) The Effect of Host Strains and Temperature 
on Burst Size of DD Mutant Phage 

The burst sizes of representative DD am mutants on 

two different permissive and non-permissive strains of 
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Table 1-4. Comparison of Burst Size and Efficiency of 
Plating of Representative DD Gene 39 am Mutants 
at 37°C* 

Phage strain Efficiency of 
plating 

on E. coll S/6 
Burst 

E. coll S/6 
fl4 7 A 

E. coll CR63 

amNl16 9 104 1 30 

amE480 10 77 95 

amE158 70 85 115 

amE556 75 55 75 

T4D+ 100 146 136 

#A11 values represent an average of two or more 
determinations. Details of methods for determination of 
efficiency of plating and burst sizes appear in Materials 
and Methods. 



E. coll at 25° and 37°C were determined (Table 1-5). On E. 

coll S/6, a non-permissive strain used as a host, there was 

a dramatic increase in burst size at 37°C when compared to 

burst size at 25°C (Table 1-5, columns 1 and 2). The average 

burst size at 25° for the DD am mutants was 1.0 while at 

37°C It was 61. Wild type phage had burst sizes of 130 and 

150 at 25° and at 37°C respectively on this host. A gene 

32 am mutant, which does not have the DD phenotype, had 

burst sizes of 0.3 and 0.5 at 25° and 37°C respectively on 

E. coll S/6 host. The relatively high burst sizes of the 

DD am mutants are consistent with the high efficiency of 

plating of these mutants, since under conditions where burst 

sizes are greater than 5-10, visible plaques are usually 

found. A second non-permissive strain of E. coll. 594, also 

yielded a lower burst size at 25° than at 37°C for DD am 

mutants, but the differences were not as dramatic (Table 

1-5, columns 3 and 4). The average burst size for DD am 

mutants at 25° was 42, while at 37°C it was 75. It appears 

that at 25° E. coll 594 is not as restrictive to multipli

cation of DD am mutants as E. coll S/6. 

The permissive strains of E. coll permitted signif

icantly better multiplication of DD am mutants than the non-

permissive strains both at 25° and 37°C. The two permissive 

strains used, E. coll 0111 and E. coll CR63 yielded an av

erage burst size of 70 and 71 at 25° while at 37° the burst 

size of mutants was 97 and 102 respectively (Table I-5, 



Table 1-5. Effect of Temperature on Burst Size of DD am Mutants on Different 
E. coll Strains* 

Phage strain Non-permissive hosts Permissive hosts 
E. coll B-S/6 E. coll K1 2-594 E. coll B-011 1 E. coll K1 2-CR63 

25°C 37°C 25°C 37°C 25°C 37°C 25°C 37°C 

Gene 39 amE158 0.92 89 2 - - - - - -

amN116 2.3* 11 o4 592 1002 1002 1632 762 1 402 

amE480 1 .22 622 162 662 642 982 562 862 

Gene 52 amE177 0.22 302 - - - - - -

amE1240 0.22 472 - - - - - -

amE297 o
 

•
 

vo
 ro
 

272 52 512 492 802 49 2 692 

amE670 0.42 392 27s 592 662 1412 692 

CVJ CO ON 

Gene 58-61 amE822 3.02 582 mm — - - - -

amHL627 1 .94 504 292 612 592 no2 662 822 

amE21q 0.82 
OJ VO vo 

462 892 692 1362 862 1232 



Table 1-5—Continued 

Phage strain Non-permissive hosts 
E.coli B-S/6 E.coli K12-594 . E.coli 

Permissive hosts 
B-011 • E. coli K1 2-CR63 

25°C 37° C 25°C 37° C 25° C 370 C 25°C 37° C 

Gene 60 amE429 . 0.34 594 49 2 602 702 982 672 932 

amE673 0.12 602 - - - - - -

amHL626 0.92 802 702 1012 00
 

CO
 ro
 

1662 952 1222 

Average 1 .0 61 42 75 70 124 71 102 

Gene 32 amNG46V 0.32 0.52 - - - - - -

T4D+ 1 304 1504 1402 1762 1652 1772 1602 1662 

^Experiments were carried out using the different hosts at 25° and 37°C under 
otherwise similar conditions. Other details of the experimental procedure appear in 
Materials and Methods. The test values shown are the averages of the number of ex
periments shown in superscripts. 
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columns 5, 6, 7 and 8). However, the burst sizes of the 

mutants on the permissive strains were less than the burst 

size of the wild type T4D+. At 25°C, the wild type phage 

gave a burst size of 165 and 160 on E. coll 011' and E. coll 

CR63, and at 37°C the yield was 177 and 166 on the two 

strains respectively. The results in Table 1-5 taken 

together indicate that the DD am mutants grow substantially 

better in the presence of an am suppressor, but that other 

host specific factors also enhance phage growth, especially 

at higher temperature. 

(d) Interallellc Complementation 

Two temperature sensitive (tsi) mutants, tsA41 and 

tsG41. defective in gene 39, have been Isolated by Epstein 

et al. (1963). No ts mutants are known for genes 52, 58-61 

and 60. On the basis of two factor crosses, the two ts 

mutant3 of gene 39 have been located at distinct sites 

about 2.1 map units apart (Fig. 1). These mutants were 

tested for intragenic complementation and observed to give 

a small but significant positive response. The burst size 

in a mixed infection involving tsA41 x tsG41 had an average 

value in two tests of 30.2 phage per bacterium at 41°C on 

E. coll S/6. In single Infections with tsA41 and tsG41 the 

average burst sizes were 11.3 and 8.9, respectively. 

Eighteen am mutants in gene 39 were tested in 60 pairwise 

combinations for intragenic complementation. No significant 
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positive responses were observed in any of the tests. 

Mutants with nonsense mutations produce only amino-termlnal 

fragments of the wild type, gene 39 protein and would not be 

expected to show intragenic complementation with each other, 

in agreement with the above results. 

(e) Temperature Shift Experiments 
with the DP am Mutants 

As discussed in section (b) when the non-permissive 

host E. coll S/6 is infected with DD am mutants and the 

cultures remain at 25°C, very low burst sizes were observed 

whereas carrying out the infection at 37° resulted in much 

higher burst sizes. To achieve a better understanding of 

the effect of temperature on burst size, the following tem

perature shift experiments were performed. 

E. coll S/6 was grown at 25°C prior to infection by 

the DD am mutants and then shifted to 37° for infection,and 

subsequently maintained at the higher temperature. Wild 

type phage and a cold sensitive mutant (csFl gene 41) were 

also tested as controls. It was observed (Table 1-6, 

column 1) that although the temperature during phage growth 

was high enough for the cold-sensitive phage to give a high 

burst size as expected, the yields of the DD am phages were 

drastically inhibited and no differences were found in 

yields when cells grown at 25° were shifted to 37° for 

infection and subsequent incubation. The growth of the 
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Table 1-6. Effect of the Temperature Shift of the Host on 
the Burst Size of the DD am Mutant Phage.* 

Phage strain Burst size Burst size 
25° 37°shift (1) 37° 25° shift(2) 

Gene 39 amE158 2.2 0.3 

Gene 39 amE556 1 .9 0.2 

Gene 52 amE1 77 0.1 0.1 

Gene 52 amEI240 0.9 0.8 

Gene 58-61 amHL627 1 .1 1 .0 

Gene 58-61 amE822 2.6 2.3 

Gene 60 amE429 1 .2 0.9 

Gene 60 amE673 0.1 0.1 

Gene 44 csFI 25 0 

T4D* 105 96 

*S. coll S/6 was grown at 25° (1) or at 37° (2) and 
then shifted to the opposite temperature at the time of in
fection by the phage. The results given are the averages of 
two separate experiments in each case. Other details of 
the experimental procedure appear in Materials and Methods. 
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wild type phage was not affected by the 25° - 37° temper

ature shift. 

A temperature shift down experiment was also per

formed. Cells grown at 37° prior to infection were shifted 

to 25° at the time of infection. The results show that low 

burst sizes were obtained in this case also (Table 1-6, 

column 2). The cold sensitive gene 44 mutant did not have 

a detectable burst under these conditions and, again, wild 

type phage had a near normal burst size. 

(f) DNA Synthesis by the DP am Mutants 
under Restrictive Conditions 

As discussed earlier, Epstein et al. (1963) de

scribed the DNA defect of the DD mutants as being charac

terized by a delay in the onset of phage DNA synthesis. 

DNA synthesis in their experiments was determined by semi

quantitative colorimetric measurements. Yegian et al. 

(1971) used radiolsotope-labellng and heavy isotope 

incorporation and found that the apparent delay was due to 

a lower initial rate of DNA synthesis. However, all of 

these experiments were carried out at relatively high 

temperatures which according to our observations are 

partially permissive. Therefore, measurements of DNA syn

thesis were performed using radio isotope-labeling techniques 

in cultures infected at 25°C 

Incorporation of thymidlne-methyl-^H Into tri-

choloracetlc acid-Insoluble material was measured after 



Figure 2. Total Incorporation of Thymidine-Methyl-^H into 
DNA 

Samples were taken at 5, 10, 15, 25, 35, 45, 60, 
and 100 min after Infection of E. coll S/6. 
Infection was carried out with representative 
DD am mutants, and with gene 41 mutant amN57 and 
wild type as controls. The rest of the procedure 
is given in Materials and Methods. The ordinate 
shows cts/min x 10~3 3H-thymldine incorporated. 
The symbols in the figure denote: 

• = Gene 39 amE158 

• = Gene 52 amE670 

o = Gene 58-61 amHL627 

• = Gene 60 amE416 

• = Gene 41 amN57 

A = Wild type, T4D+ ' 
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Figure 2. Total Incorporation of Thymidine-Methyl-^H into 
DNA 
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infection of E. coll S/6 at 25° by a representative am 

mutant of each of the DD genes along with a mutant from a 

DNA negative gene (gene 41 amN57) and wild type phage. The 

results shown in Fig. 2 indicate that the extent of thy

midine incorporated into cells infected with DD mutant at 

75 minutes after infection was 3 to 10^ of the amount syn

thesized by wild type whereas with the DNA negative mutant 

the amount was about The low level of DNA synthesis 

obtained under restrictive conditions indicates that the 

DD am mutants should be included in the category of mutants 

with a primary defect in DNA synthesis. 

(g) Effect of am Mutations in Genes 
39. 52. 58-61 and 60 on 

Recombination of rll Markers 

In order to ascertain the effect of a DD am defect 

on recombination double mutants of representative DD am 

mutants with rll mutants were first prepared and eight 

double mutants containing an am mutant were combined with 

rll mutants. The double mutants were then used in crosses 

as shown In Table 1-7. Crosses were carried out on E. coll 

S/6 at 37°C. The total yields were determined by assays of 

the mixed infection on E. coll CR63 at 37°C and the % recom

binants were determined by assay on E. coll CR63X at 37°C» 

It is apparent (Table 1-7) that the recombination frequency 

on the rll markers Increased 2.0 - 3.5 fold in the double 

mutants over the control cross of the two rll mutants 
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Table 1-7. Effect of DD am Mutations on Recombination of 
rll Mutants* 

Crosses % Recombination (a) 

amE142rED144 x amE1 42r7l 
(am Gene 39) 

2.94 

amHI 7rED144 x amHl7r71 
(am Gene 52) 

2.19 

amHL627rEDl 44 x amHL627r7l 
(am Gene 58-61) 

2.96 

amE4l6rED144 x amE4l6r71 
(am Gene 60) 

3.63 

rED144 x r7l 1 .05 

'"•Double mutants were prepared as described in 
Materials and Methods, and the crosses performed as in the 
results (g). The genes in which the am mutants are defec
tive are given in parenthesis below the cross. 

(^Recombination % was calculated as 

•progeny on E. coll CR63\ „ onr> 
progeny on E. coll CR65 x 
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carrying no DD am mutation (rEdl44 x r7l). The results are 

in general agreement with those of Berger, Warren and Fry 

(1969) who reported than an am mutation in gene 58-61 in

creased recombination. 

(h) Effect of an am Mutation In the DD Genes 
on Reversion of rll Markers 

Double mutants containing both a DD am mutation 

with an rll base substitution mutation were used to measure 

the mutator activity of the DD am defect on reversion of the 

rll mutant. The rll mutant, r1221 is the result of a tran-^ 

sitlon mutation (Champe and Benzer, 1962). Double mutants 

were grown on E. coll B/5 at 37°C a semi-permissive host and 

the progeny plated at about 10^ phage E. coll CR63\ a non-
O 

permissive host for rll phage and about 10 phage were 

plated on E. coli CR63 at 37°C. The reversion index was 

then calculated as the ratio of the number of phage which 

could plate on E. coll CR63^ at 37° divided by the number 

that plated on E. coll CR63 at 37°C. The results, given in 

Table 1-8 show that the reversion index of r1221 when combi

nation with a DD am mutation is 2.9 to 18.8 times the re

version index of rl221 when the DD am defect is not present. 

Increases In reversion of rn frame shift mutations 

by am mutations in DD genes were also observed in experi

ments performed in collaboration with H. Bernstein (Table 

1-9). rED144 and r7l which are proflavine revertlble frame 

shift mutations (Bernstein, 1971) were used. The results 
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Table 1-8. Effect of am Mutation in the DD Genes on 
Reversion of an rll Base Substitution Mutation* 

Phage strain Reversion index Factor of increase 
in reversion index 

amEl58r1 221 
(Gene 39) 

1 48.0 X 1 0^ 18.8 

amE^6r1221 
(Gene 39) 

36.9 X 1 o6 4.5 

amE1111 r1 221 
(Gene 527 

72.5 X 106 9.2 

amHL627r1 221 
(Gene 58-61) 

42.1 X 106 5.4 

amE41 6r1 221 
(Gene 60) 

22.9 X 1 o6 2.9 

rl 221 7.9 X 1 o6 

*Double mutants were constructed by the procedure 
given in the Materials and Methods and reversion indices 
calculated as in Results (h). Genes defective in the am 
mutants are indicated in parentheses. The results are the 
averages of two separate experiments. 
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Table 1-9. Effect of am Mutations in the DD Genes on 
Reversion of rll Frame Shift Mutations* 

Phage strain Reversion index Factor of increase 
in reversion index 

amE1 42rEDl 44 
(Gene 39) 

35.1 X 1 0~8 3.8 

amH17rEDl 44 
(Gene 52) 

48.8 X 10~8 5.3 

amHL627rSD1 44 
(Gene 58-61) 

77.4 X 10"8 8.0 

amHL627RrED144 
(anr revertant) 

4.46 X 1 O"8 0.5 

rED1 44 9.29 X 10"8 

amE1 42r71 
(Gene 39) 

31 .6 X 10-° 5.3 

amH17r7l 
(Gene 52) 

27.1 X 10~9 4.5 

amHL627r7l 
(Gene 58-61) 

142.0 X 10-9 23.7 

amtfi$2Rr7V 
(am+ revertant) 

10.3 X 10-9 1 .7 

r7l 5.98 X 10-9 

•The procedure for the construction of double 
mutants appears in the Materials and Methods. Other 
details are given in the Results (h). 
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show that reversion of rll frame shift mutations increased 

from 3.8 to 23.7 fold in the presence of DD am mutations In 

6 cases. When am+ revertants of amHL627rED144 and 

amHL627r71 were selected and cultures of these grown, it 

was found that reversion of the rll frame shift mutations 

returned to approximately the control value. The two 

results shown in Tables 1-8 and 1-9 taken together indicate 

that DD am mutations are mutagenic for base substitution 

and addition or deletion mutations. 

(1) Effects of DD am Mutations on Expression 
of the ts Mutation in am ts 

Double Mutants 

The two gene 39 t£ mutants, tsA4l and tsG41 produce 

plaques at 25° but not at higher temperatures near 45°C. 

Double mutants were constructed with tsG-41 and DD am 
* 

mutations representative of genes 39, 52, 58-61 and 60. 

The am t_s double mutants obtained were grown in 

E. coll S/6 at 41°C. Each of the single am mutants as well 

as tsG4i and T4D+ (wild type) were grown under the same 

conditions. The results of these experiments are shown in 

Table 1-10. The burst sizes obtained with tsG41 were 6 arid 

10 phage per bacterium in the experiments. Most of the am. 

tsG41 double mutants gave burst sizes in a comparable range. 

However, the burst sizes obtained from amE416 (gene 60) 

tsG41 (gene 39) and amE670 (gene 52) tsG41 (gene 39) pro

duced burst sizes much higher than that obtained from the 



ta mutant itself. The burst sizes in these two cases were 

comparable to those obtained from the individual am mutants, 

amE146 and amE670. respectively. It is thus apparent from 

these results that the effect of the ts mutation in tsG41 

is suppressed by amE4!6 (gene 60) and amE670 (gene 60). 
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Table 1-10. Effect of am Mutations in Different DD Genes 
on Expression of tsG41 (gene 39) at 41 °C# 

Double mutant Burst Single am Burst Map 
sizes'0) mutant sizes'0' position 

Gene 39 
amE672tsG41 
amE205tsG'?r W' 
am5617tsG41 . . 
amE460tsG?f )£{ 
amE556tsG41 
amE566tsG41 »°' 
amE839tsG41 

Gene 52 . . 
amE670tsG4l 
amE663tsG41 
amEl111 tsG41 

Gene 58-61 
amE219tsG41 
amHL627tsG4l 

Gene 60 
amE41 6tsG4l 

(b) 

(b) 

amE673tsG41. (b) 
amHL626tsG41 

tsG41 (Gene 39) 

T4D+ (wild type) 180, 199 

18, 15 amE672 45, 40 0.5 
12, 10 amE205 75, 65 0.6 
8, 12 am261 7 50, 58 1 .7 
20, 15 amE480 90, 78 9.5 
9, 6 amE556 105, 85 11 .9 
12, 10 amE566 92, 69 15.7 
2, 4 amE839 45, 57 15.9 

80, 89 amE670 89, 75 0 
8, 6 amE663 95, 75 13.6 
4, 4 amE1111 112, 99 1 4.9 

7,. 8 amE219 70, 150 i 
18, 12 amHL627 90 78 

121, 98 amE416 80, 70 0 
80, 90 69, 73 
9, 4 amE673 60, 73 2.2 
15, 8 amHLo26 118, 99 3.3 

6, 10 5.4 

*Map positions of the am mutations within their 
respective genes are from Fig. 1 and represent the sum of 
the recombination frequencies between neighboring mutant 
sites on the respective map. 

(a)The mutations in gene 58-61 were too few in number 
and too distant from mutations in other genes to determine 
meaningful map positions. 

(^To verify the presence of the tss mutation, am* revert-
ants of these double mutants were selected on E. coll S/6 
at 25°C and the revertants were shown to be temperature 
sensitive. 

(c)The numbers represent yields in different experi
ments. 



CHAPTER 4 

DISCUSSION 

(a) Host Compensation for DP Gene Functions 

The initial observation was that all am mutants 

defective in each of the four DD genes (39, 52, 58-61 and 

60) do not multiply significantly at 25°C on the non-

permissive host, but that all of them can multiply on this 

host to give partial yields at 37°C (Table 1-5). This 

observation suggests that the DD gene products may be of 

more value to replication at 25°C, and that a host com

ponent can compensate for defective DD gene products at 

37°C. If it is a host component which accounts for growth 

at 37°C, then the pre-lnfection growth temperature of the 

host could be expected to influence the burst size of cells 

infected with DD am mutants. Our temperature shift experi

ments, represented in Table 1-6, show that growth of the 

host prior to infection at 25°C significantly prevented 

subsequent growth of the DD am mutants at 37°C. This indi

cates that a host component, which is made in an active 

form at 37°C but not at 25°C, can compensate, in part, for 

lack of DD gene functions. Since cells grown at 37°C and 

then shifted to 25°C at the time of infection also have a 

low burst size, it appears that the host component which is 

37 
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active prior to infection is inactivated or cannot function 

at 25°C during infection. The difference in compensation 

by the two non-permissive E. coll hosts, S/6 and K12-594 

(Table 1-6) at 25°C can be interpreted by assuming that 

while the host component Is inactive in E. coll S/6 at 25°C, 

it is partially functional in E. coll K1 2-594- at this tem

perature . 

Recently, Mosig, Bowden and Bock (1972) presented 

evidence that E. coll DNA polymerase 1 can compensate for 

the loss of phage T4 polyperase in the replication and 

recombination of the phage. They further suggested that 

the loss of DNA delay genes in incomplete T4 chromosome may 

be compensated for by a host product. This is in accord 

with our conclusion that a host function can compensate for 

loss of the DD functions. 

(b) Interaction between the Host Component 
and the Gene 39 Product 

As discussed above, the results suggest that a host 

product can compensate for the inactive DD functions at 

higher temperatures. However, two temperature sensitive 

mutants are known in gene 39, tsA41 and tsG41 (Fig. 1) 

which fall to multiply characteristically at higher temper

atures. The existence of these ts mutants presents an 

apparent contradiction to the observation that the missing 

DD functions can be compensated for by host functlon(s) at 

higher temperatures. To explain the lack of growth at 
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higher temperatures in the case of the two ts mutants it is 

postulated that the missense mutations produce a defective 

protein which interacts with and inactivates the host com

ponent. If inactivatlon of the host component is a special 

requirement for achieving the ;ts phenotype, this might ex

plain the relatively small number of t£ mutations Isolated 

in the DD genes compared to the number of am mutations 

(2 ts vs. 54- am). 

H. Revel (1972) has isolated a number of E. coll 

K12 mutants, called gro mutants, which though they adsorb 

phage T4 fail to propagate it. This Implies that host 

components which can be altered by mutation are involved in 

phage replication. She has further isolated a number of 

phage mutants, called 50 mutants, which multiply on the 

E. coll aro strains. This implies that phage mutants can 

compensate for the defects in the host components. It is 

Interesting that one of the T4 mutants she has isolated 

maps in gene 39 and has the DD phenotype. This suggests 

that the host gro component is physically associated with 

the phage gene 39 product. The gro mutation may lead to a 

sterlc deformation in the host component which can be 

partially restored by the 50 mutational alteration in the 

gene 39 product. Thus, the results of Revel and my results 

can both be interpreted in terms of interaction of the geno 

39 product with a host component. 
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Examples of host-phage product Interactions, similar 

to the one postulated here for host component and gene 39 

product, have been proposed for both phage \ and phage T4. 

Georgopoulls and Herskowitz (1971) presented evidence that 

the product of E. coll gene dnaB interacts with the P gene 

product of phages to allow normal phage DNA replication. 

In T4 head morphogenesis, Georgopoulls et al. (1972) and 

Takano and Kakefuda (1972) obtained evidence that a 

membrane-associated host factor interacts with the product 

of phage gene 31 which is required for phage capsid 

assembly. 

(c) Possible Interactions of the Host 
Component with amber Fragments of 
Gene 39. 52. 58-61 and 60 Products 

The efficiency of plating of different DD am mutants 

on E. coll S/6 at 37°C varied over a wide range (Table 1-2) 

but was found to be reproducible for each mutant and did not 

depend significantly on undefined factors in the genetic 

background (Table 1-3). The differences in efficiency of 

plating could be Interpreted as reflecting differences In 

Interactions of polypeptide fragments produced by the DD am 

mutants with the host component. This interpretation sug

gests that the wild type products of the DD genes may 

normally interact with the host component. 
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(d) Interaction of Gene 39 Product with the 
Products of Genes 52 and 60 

In the previous section, we discussed an Inter

pretation of the data which assumes Interaction of the 

products of the DD genes with a host component. This 

assumption further suggests that the products of the DD 

genes may interact with each other, as well as with the 

host component, to form a multi-protein complex with an 

essential role in phage development. To test this hypoth

esis, am t_s double mutants were constructed combining tsG41 

(gene 39) with various am mutations in genes 52, 58-61 and 

60. It was assumed that if the gene 39 product formed a 

complex with the product of the other DD genes as well as 

with the host component, the integrity of the complex might 

depend on the presence of all the products. Thus, an am 

mutation In gene 52, 58-61 or 60 might prevent the gene 39 

product from interacting with the host component. Since it 

was assumed that the _ts phenotype of tsG41 depends on inter

action of the gene 39 product with the host component, it 

would be expected that am mutations in other DD genes, 

forming only polypeptide fragments, might prevent this 

interaction, thereby suppressing the ts phenotype of tsG41 . 

Suppression of the ts phenotype would lead to restoration 

of growth at 37°C on E. coll S/6 because the compensating 

host component would no longer be inactivated. Although 

the expectation that an am mutation in one gene will 
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suppress a t_s mutation in another gene follows logically 

from our assumptions concerning a multicomponent complex, 

suppression of a ts mutation by an am mutation had not been 

previously demonstrated. Strong suppression of tsG41 by 

two different am mutations amE670 located at the beginning 

of gene 52, and amE416. located at the beginning of gene 60 

(Fig. 1, b and d) were each able to suppress the ts pheno-

type of tsG-41 of gene 39. Each of the double mutants 

tsG41 amE670 and tsG41 amE416 gave high burst sizes at 41 °C, 

comparable to the burst sizes found in the single am 

infections (Table 1-10). In other double mutant combi

nations the burst sizes were low and were comparable to the 

burst size obtained upon infection with tsG-41 alone (Table 

1-10). It was noted that amE670 and amE416. the suppressing 

amber riiutations, were at the beginning of genes 52 and 60 

respectively. Irftien infecting a non-permissive host each of 

them should produce short polypeptide fragments corre

sponding to the amino terminal sequences of their respective 

genes. The other am mutations in genes 52 and 60 should 

lead to longer fragments. Holmes (1973) and Jackson and 

Yanofsky (1969) have shown that polypeptide fragments formed 

by am mutants can interact with and complement homologous 

polypeptides produced by ts mutants. If the wild type 

products of two or more non-homologous genes ordinarily 

interact to form a functional complex, it may also be 

expected that polypeptide fragments produced by am mutations 
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in one of the genes will interact with the wild type 

products of the other gene(s) provided the fragments are 

long enough. Short fragments might not have the speci

ficity to interact with the other protein(s). Thus, in the 

cases of amE670 and amE416 it is assumed that very short 

polypeptides were synthesized, and consequently the multi-

protein complex could not form. When amE670 or amE416 were 

combined with the tsG41 mutation, the temperature sensitive 

gene 39 protein could not associate with the host component, 

and inactivate it. It then follows that the other am 

fragments, which were longer, did allow the multiprotein 

complex to form and did allow the tsG41 protein to inacti

vate the host component. 

The gene 39 mutation tsG41 was also combined with 

7 different am mutations in gene 39 to form 7 double 

mutants (Table 1-10). Those am mutants which map on the 

left side of tsG41 which specifies the amino terminal 

sequence of the protein should produce a polypeptide frag

ment too short to include the site of the ts mutation. 

These am mutations (amE672. amE205 and amE617) were then 

expected to suppress the ts mutant phenotype. Further I 

proposed that the am mutants mapping on the other side of 

tsG-41 should form a polypeptide including the site of tsG41 

mutation. Such polypeptides might be expected to retain 

their temperature sensitivity. The results shown in Table 

1-10 indicate that all the tsG41 am double mutants with an 
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am defect in gene 39 show a ts phenotype, including those 

whose am mutations were expected by their map position to 

produce a fragment terminated prior to the position of 

tsG41_. This unexpected result can be explained if there is 

a re-initiation site, similar to those described within the 

lac gene (Michels and Zipser, 1969) °r th® rllB cistron 

(Sarabhai and Brenner, 1967), situated near the site of the 

tsS4l mutation which would permit synthesis of a polypeptide 

with a normal carboxy terminal sequence including the site 

of the tsG41 defect. 

The interaction of phage products Involved in repli

cation has been studied by several workers. Tomizawa (1971) 

has proposed that the products of phage \ genes 0 and P 

which are essential for DNA replication associate with each 

other. As mentioned above, Georgopoulis and Herskowitz 

0971 ) presented evidence that the gene P product also 

interacts with a component specified by the dnaB gene of 

E. coll. thus suggesting the existence in \ of a complex 

similar to the one proposed for phage T4. Recently, Barry 

and Alberts (1972) purified the products of T4 gene 44 and 

62 both of which are essential for DNA replication. They 

showed by in vitro complementation that these products will 

only function after forming a complex with each other. 
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(e) Probable Stoichiometric Role 
for DP Gene Products 

When permissive E.  coll strains are used as hosts 

for DD am mutants at 25°C, the burst sizes obtained were 

substantially less thi'm in wild type phage-lnfected cells. 

As shown in Table 1-5, the average burst size of DD am 

mutants in E. coll CR63 at 25°C was 44/£ of that obtained 

In wild type-infected cells, and for E. coll 0111 at 25°C 

the average was 43/o. At 37°C, the burst sizes of the DD 

am mutants were closer to that of wild type phage (61% in 

E. coll CR63 and 70% in E. coll 011')• Floor (1970) has 

presented evidence that when suppression is measured by 

phage production, am mutants defective in catalytic 

functions are efficiently suppressed, while am mutants 

defective in stoichiometric functions are not efficiently 

suppressed. This is because even low levels of an essen

tial catalytic enzyme can allow normal production of virus 

progeny while with stoichiometric functions the production 

of progeny is directly related to the amount of product 

produced. SUPD" (SUI+) the suppressor present in E. coll 

CR63 (Stretton and Brenner, 1965) has been shown to be 

relatively efficient, restoring up to 63% of the activity 

of am mutants defective in the head protein specified by 

gene 23 of phage T4 (Kaplan, Stretton and Brenner, 1965). That 

SupD" allows substantially less phage production In DD am mutant 
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infections than in wild type phage infections suggests that 

DD genes specify stoichiometric functions. 

(f) Defects in the DD Genes Affect 
Replication, Recombination 

and Mutation 

Epstein et al. (1963) originally described the 

defect of the DD mutants as a delay in DNA synthesis. This 

description was recently modified by Yegian et al. (1971) 

who showed that a lowered initial rate of DNA synthesis 

caused the apparent delay. These two groups of workers 

carried out their experiments at a temperature of 37°C, 

where the host provides compensation. In experiments 

carried out with DD mutants in the non-permissive host 

E. coll S/6 at 25°C, it was shown that only 3% to 10$ of 

the level of wild type T4 phage DNA synthesis occurred up 

to the time of lysis (Pig. 2). By comparison, under the 

same conditions, amN57 (gene 41) classified as a DNA 

negative mutant (Epstein et al., 1963) gave 3$ of normal 

DNA synthesis. Thus, under restrictive conditions, the DD 

am mutations appear to be associated with a process 

essential to DNA synthesis. 

Berger, Warren and Pry (1969) showed that a mutant In 

gene 58-61 am increased recombination about 3-4 fold. 

Results in this study (Table 1-7) show that am mutations in 

all of the four DD genes cause Increased recombination. In 

addition, it was observed that DD am mutations are 
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mutagenic, causing both increased base substitutions 

(Table 1-8) and an increase in addition/deletion of bases 

(Table 1-9). The Increase in recombination associated 

with defective DD am products may be due to an increase in 

the frequency of nicks or gaps in DNA due to defective DNA 

replication or repair. The increased mutation rate might 

similarly be explained by Inaccurate replication or repair. 

Presumably the host compensated replication of DNA in the 

DD am mutations is not as accurate as the replication di

rected by wild type phage product. Yegian et al. (19T1 

in their study found that the DNA syntheslsed on E. coll 

S/6 at 37° was about 70% of the wild type levels. Naot and 

Shalitln (1972) investigated the Intracellular DNA formed 

following infection of a non-permissive host by wild type 

T4 phage and by am mutants defective in genes 39, 52, 58-61 

and 60. They extracted DNA from infected cells and analyzed 

the DNA in alkaline sucrose gradients. They found that the 

single stranded DNA from the DD am mutant infections was 

shorter than the mature phage chromosome length, whereas 

the single strands of intracellular DNA from wild type in

fections were several fold longer than the mature 

chromosome. These results further indicate that replication 

of phage DNA directed by host in the DD am mutants is ab

normal. 
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(e Q  Evidence from Other Work Implying; 
that DP Gene Products are Involved 
in Membrane Associated Functions 

Guttman and Begley ( 1 9 6 8 ) ,  used EDTA treated cells 

for infection and observed on infection with the gene 39 am 

mutant amNl 16 that phage DNA synthesis increased when the 

infected cells were supplied with Mg++ ions. They proposed 

that the gene 39 product was needed to establish a "Mg++ 

pump" in the membrane. Dion and Cohen (1971) noted that 

synthesis of T4 phage DNA was stimulated by an exogenous 

supply of spermidine in cells infected with the gene 39 

amber mutant amNl16. and suggested that uptake of this 

polyamine by the infected cells correlated with the presence 

of the DD gene product. 

C. Earhart (1972) has found that whereas in wild 

type T4 infections, the entering DNA initially attaches to 

the host membrane and is subsequently released from this 

attachment, the DNA injected by am mutants defective in 

gene 39 or gene 60 is released prematurely from the 

membrane. 

From results presented herein and evidence obtained 

by other workers, it is suggested that the products of 

genes 39, 52, 60 and probably 58-61 form a multi-protein 

complex along with a host component, and that this associ

ated structure is probably located on the membrane. 
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(h) Comments on Previous Interpretations 
of the DP am Mutant Phenotype 

Because of the growth of the DD am mutants at 37° 

It has been suggested (Yeglan et al.t 1971) that the DD 

gene functions might be non-essential for phage development. 

However, my observation that the DD am mutants do not grow 

significantly on the non-permissive host E. coll S/6 at 

25°C indicates that the DD gene functions are essential 

under these conditions. Previous work in this laboratory 

reported (Vallee and Cornett, 1972) included pairwise comple

mentation spot tests of the gene 39 am mutations performed 

at 25°C. Some of these tests were positive, a result not 

expected if the mutants are true amber nonsense mutations. 

To check these results, 18 mutants In gene 39 am were 

tested for intragenic complementation in 60 mixed infections 

and the burst sizes were measured. None of these tests 

showed significant positive complementation. However, sig

nificant complementation was observed between the two tj3 

gene 39 mutants (see Results, Section d), indicating that 

the gene 39 product acts as a multimerlc protein. Since 

burst size is a much more reliable measure of complemen- • 

tation than the spot test method, it is concluded that the 

gene 39 am mutations behave as true nonsense mutations. 

(1) A Further Observation on the DD Genes 

Since the present evidence suggests that the gene 39 

and 60 proteins are elements of a multicomponent complex, 
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it may be that they need to be produced in a balanced 

proportion, as has been shown for phage structural compo

nents (Floor, 1970). Production of the gene 39 and 60 

products in a balanced proportion would be facilitated if 

their transcripts were on a common mRNA. It has been shown 

that the map distance between the nearest end markers of 

genes 39 and 60 (amS839 and amE416) is only 3.5 map units 

(Fig. 1a), suggesting that these two genes may be tran

scribed on a common mRNA. Gene 52 is also near genes 39 

and 60 but separated by several other genes including the 

rllA and rllB cistrons. 

(.1) Conclusions 

The data fit the following model. The gene 39 

protein, which is a multimeric protein, associates with the 

products of genes 52 and 60 and possibly 58-61. This multi-

protein complex further associates with a host component 

probably situated on the host membrane. The host and phage 

complex is directly involved in phage DNA synthesis. When 

phage proteln(s) of the complex are defective or missing, 

the host component can carry out somewhat inefficient DNA 

synthesis provided the host had been grown at 37°C both 

prior to and during infection. Presumably the host com

ponent was employed in host DNA synthesis before infection. 

The function of the DD gene products is to make the host 
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DNA synthesizing apparatus efficient for phage DNA synthesis 

after infection. 



PART II 

A BACTERIOPHAGE T4 MUTANT DEFECTIVE IN 

PROTECTION AGAINST SUPERINFECTING PHAGE 

52 



CHAPTER 5 

SUPERINFECTION INHIBITION 

When Escherichia coll is infected by phage T4 and 

within a few minutes superinfected by an additional phage, 

the secondary phage genome is prevented from being expressed 

and from contributing genetic information to the progeny 

phage. This phenomenon, known as superinfection inhibition 

was first observed by Dulbecco (1952). Further work on 

superinfection inhibition was carried out by Graham (1953) 

and has been reviewed by Adams (1959) and Campbell (1967) .  

Several questions have arisen concerning the mechanism of 

this phenomenon. Is the DNA of the superlnfecting phage 

broken down by the DNases present in the cell, and Is this 

DNA degradation essential for the Inhibition? Is there a 

barrier at the membrane level which prevents the super

lnfecting DNA from getting into the cell? Does superin

fection inhibition depend on the expression of a function 

or functions by the primary phage which exclude the super-

infecting phage? G-raham (1953) used high streptomycin 

concentrations to inhibit nuclease action and observed that 

superlnfecting phage was nevertheless excluded demonstrating 

that DNase action could not explain superinfection inhi

bition. Additionally, Hershey et al.,(l95^) used low Mg+2 
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concentrations, a condition which lowers DNA degradation, 

and found that exclusion of superinfecting phage still took 

place. Fielding and Lunt (1970) found that while there was 

extensive degradation of superinfecting DNA in wild type 

E. coll. little solubilization of this DNA occurred in 

endonuclease 1-deficient strains. However, these strains 

were as efficient in excluding superinfecting phage as wild 

type E. coll. These results have been confirmed by Anderson 

and Eigner (1971). Therefore, DNase-induced breakdown by 

itself cannot account for superinfection inhibition. 

Adams (1959) suggested that a membrane barrier 

induced by the primary phage inhibited injection of DNA by 

superinfecting phage. Varga, Blackwood and Earhart (1971) 

found that only 60% of the DNA of the superinfecting phage 

entered the cell while about 40$ of it remained in the 

phage coat. Anderson, Williamson and Eigner (1971) used * 

high resolution autoradiography and found that whereas DNA 

from primary phage was observed near the center of the cell, 

the superinfecting DNA remained associated with the cell 

membrane. These results Indicate that the superinfecting 

DNA does not enter the cell. In order to distinguish 

whether the barrier depends on events directed by the pri

mary phage genome, or whether the barrier arises merely 

from the physical interaction of the primary phage with the 

cell membrane, an attempt was made to detect a phage mutant 

unable to establish the barrier to a superinfecting phage. 
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An assay was developed with the Idea that phage mutants 

defective in superinfection inhibition function would not 

exclude the superinfecting wild type phage. The DNA delay 

mutants offered an attractive possibility to screen for 

such a mutant since they are defective in early phage 

functions, and because they have been associated with 

membrane-related functions (Guttman and Begley, 1968; Dion 

and Cohen, 1971). Eleven other genes with early functions 

and one gene with a late function were also included in the 

screening procedure. 



CHAPTER 6 

MATERIALS AND METHODS 

(a) Strains of Bacteriophage and Bacteria 

All strains of phage T4 used In this study came from 

the collection of W. B. Wood and have been previously de

scribed (Epstein et al. 1963 and Edgar and Wood, 1966). 

E. coll K12 strain CR63 and E. coll B strain S/6 were ob

tained from R. S. Edgar. 

(b) Media 

H-broth was used for growth and suspension of phage 

and bacteria. EHA bottom and top agar for the plaque assay 

were prepared as described by Steinberg and Edgar (1962). 

(c) Assay Used to Screen Mutants Lacking 
Protection Against SuperInfecting Phage 

The following assay was developed to screen various 

amber (am) mutants that failed to exclude superinfecting 

phage. E. coll S/6 is non-permissive for phage T4 am 

mutants and was used for the primary and secondary infec

tions. Primary infections were made with various am mutant 

phage and secondary infections were carried out with the 

wild type phage. Growth of the wild type was taken as a 

measure of the inability of the primary phage to result in 

superinfection Inhibition. 

56 
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E. coll S/6 cultures were grown to a concentration 

of 1 x 10^ cells/ ml. An aliquot of 0.5 ml of cells was 

mixed with 0.25 ml of each primary am phage lysate at a 

concentration to give a multiplicity of infection of about 

5 (giving a probability of Infection of 99.4^ by the Poisson 

distribution). After incubation of this mixture for 4-5 

minutes at 37°C, a 0.25 ml aliquot of wild type phage was 

added at a multiplicity of 0.5 to 1.0 phage per cell. An 

adsorption period of 8 minutes was allowed for the super-

infecting phage, and infective centers were determined by 

plating on E. coll S/6, the non-permissive host for am 

mutants. Unadsorbed primary phage were measured by taking 

aliquots of the primary phage-cell mixture, adding chloro

form to kill the infected bacteria, and plating the sur

vivors cn E. coll CR63 (a permissive host for am mutants). 

The superinfecting phage that remained unadsorbed were 

measured by taking samples at the end of the second ad

sorption period, adding chloroform, and plating for 

survivors on E. coll 5/6. It was found that adsorption 

of the primary and secondary phage in all experiments was 

95-99# complete within the alloted times for adsorption at 

37°C with the high cell densities used. 

As a control for the superinfection Inhibition 

assay, a procedure identical to the above was followed 

except that the mutant and the wild type phage were added 
/ 

at the same time instead of 4-5 min apart, and the 
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unadsorbed phage and infective centers were measured at the 

end of the 10 min adsorption period. The extent of super

infection Inhibition of any mutant was measured as the 

ratio of the number of infective centers formed in cells 

infected sequentially with primary and then superinfecting 

phages to the number of Infective centers formed in cells 

under conditions of simultaneous infection with the two 

phages. 

(d) Effect of Chloramphenicol on 
Superinfection Inhibition 

Chloramphenicol (CAM) at 1 00 >ug/ml was added to the 

bacteria at one of three different times relating to the 

adsorption: 3 min before addition of primary phage, at the 

time of addition of primary phage and 3 min after addition 

of primary phage. At 5 min the superinfecting phage, wild 

type T4D+ was added, and another 8 min of adsorption was 

allowed. Infective centers were determined as in the assay 

described above. A control culture infected with primary 

and superinfecting phage was manipulated in a similar manner 

in the absence of CAM. 



CHAPTER 7 

RESULTS AND DISCUSSION 

The results of experiments on the screening of am 

mutants for superinfection inhibition are given in Table 

II-1. These results show that an effective barrier to super

infection was established by 4-5 min after Infection and 

generally resulted in a low (1-14$) survival of infective 

centers on E. coll S/6. The average survival was 7.1$. 

It is apparent from this sampling of mutants in 11 

different genes with early phage functions and gene 24 (a 

gene with a late phage function) that exclusion occurs with 

all of the mutants except amE142. defective in gene 39. 

AmEl42 failed to effectively exclude superinfecting phage, 

and 75-86% of infective centers due to expression of the 

wild type superInfecting phage were recovered in 3 different 

experiments. The 20 other gene 39 mutants tested were 

normal in their ability to establish a barrier to super

infection. 

In these experiments amE142 gave an average adsorp

tion of 97.3$. This implies that the inability of amE142 

to prevent superinfection cannot be explained by assuming 

that it fails to adsorb normally. The wild type super-

infecting phage in experiments with amEl42 also adsorbed 
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Table II-1. Infective Centers Formed on E. coll S/6 after Primary Infection by an 
Amber Mutant and Secondary Infection by Wild Type Phage 

Mutant used 
for primary 
infection 

Time of addition Number 
of superinfecting of 
wild type phage expts. 
in minutes 

Average (a) 
infective 
centers (IC) 

• per ml 

Ratio of IC formed 
under delayed con-
ditions/'lC formed 
under simultaneous 

infection 

Gene 24 amN65 0 5 3.17 X 108 0.03 amN65 
4 5 1 .10 X 1 67 

Gene 30 am39 0 2 2.23 X 10? 0.11 am39 
4 2 2.60 X 1 07 

Gene 32 amNG364 0 2 2.48 X 1 °g 0.02 amNG364 
5 • 2 3.80 X 10° 

Gene 41 amN57 0 3 2.80 X 1°8 0.02 
5 3 5.70 X 106 

Gene 42 amN122 0 2 2.36 X log 0.06 
5 2 1 .39 X 107 

Gene 44 amH17 0 2 1 .50 X 108 0.09 amH17 
4 2 1 .40 X 1 0? 

Gene 45 amNl 30 0 2 2.31 X 1°8 0.04 
5 2 8.30 X 106 

Gene 46 amBl 0 0 1 7.87 X 
1 o® 0.14 

5 1 1 .12 X 108 



Table II-1, Continued. Infective Centers Formed on E. coll S/6 

Mutant used Time of addition 
for primary of superlnfectlng 
Infection wild type phage 

in minutes 

Number 
of 

expt s. 

Average (a) 
infective 
centers (IC) 
per ml 

Ratio of IC formed 
under delayed con-
ditions/lC formed 
under simultaneous 

infection 

Gene 52 amN82 0 
5 

2 
2 

1 .69 
1 .71 

X 

X 

108 
107 

0.10 

Gene 60 amHL626 0 
4 

2 
2 

1 .43 
4.70 

X 

X 

108 
107 

0.03 

Gene 58-61 amHL627 0 
4 

2 
2 

2.1 2 
1 .40 

X 

X 

108 
107 

0.07 

Gene 39 amE26 0 
4 

2 
2 

2.44 
2.54 

X 

X IS? 0.10 

amE52 • 0 
4 

2 • 
2 

1 .77 
2.05 

X 

X 

108 
107 

0.12 

amE142(1 0 
4 

1 
1 

4.86 
4.16 

X 

X 

1°8 
108 

0.86 

amS142(2)^) 0 
4 

1 
1 

4.51 
3.39 

X 

X $ 0.75 

aaEI 42( 3) 0 
4 

1 
1 

3.08 
2.64 

X 

X \$ 0.86 



Table II—1, Continued. Infective Centers Formed on E. coll S/6 

Mutant used 
for primary 
infection 

Time of addition 
of superinfecting 
wild type phage 
in minutes 

Number 
of 

expts. 

Average (a) 
infective 
centers (IC) 
per ml 

Ratio of IC formed 
under delayed con
ditions/ I C formed 
under simultaneous 

infection 

Gene 39 amE15S 0 
4 

2 
2 

3.83 x 
3.52 x 

08 
07 

0.09 

amE205 0 
4 

1 
1 

2.14 x 
1 .20 x S 

0.06 

amE480 0 
4 

2 
2 

2.74 x 
3.04 x 

0.11 

amE556 0 
4 

1 
1 

3.06 x 
1 .60 x S? 

0.05 

amE566 0 
4 

2 
2 

2.60 x 
1 .70 x £ 0.07 

amE604 0 
4 

1 
1 

1 .75 x 
1 .00 x 

°6 
o6 

0.01 

amE61 2 0 
4 

2 
2 

2.12 x 
1 .80 x 

°7 
0' 

0.09 

amE672 0 
4 

1 
1 

1 .23 x 
1 .00 x 

°6 
O6 

0.01 



Table II-1, Continued. Infective. Centers Formed on E. coli S/6 

Mutant used 
for primary 
infection 

Time of addition 
of superinfecting 
wild type phage 
in minutes 

Number 
of 

expts. 

Average (a) 
infective 
centers (IC) 
per ml 

Ratio of IC formed 
under delayed con-
ditions/lC formed 
under simultaneous 

infection 

Gene 39 amE684 0 
4 

2 
2 

2.20 x 
2.20 x 

0 . 1 0  

amE839 0 
4 

3 
3 

4.49 x 
4.24 x 

0.09 

amE1204 0 
4 

1 
1  

8.90 X  
3.00 X  

0.03 

amN116 0 
4 

2 
2 

2.41 x 
2.50 X  is? 0.10 

amNG102 0 
4 

1 
1 

2.81 x 
2.80 x \$ 0.10 

amNG224 0 
4 

2 
2 

2.40 x 
2.20 x 

0.09 

amNG225 0 
4 

2 
2 

2.73 x 
2.12 x 

1 0 8  

107 
0.09 

amNG353 0 
4 

1  
1  

3.13 x 
2.80 x 

108 
10r 

0.09 



Table II-1, Continued. Infective Centers Formed on E. coll S/6 

Mutant used 
for primary 
infection 

Time of addition Number 
of superinfecting of 
wild type phage expts. 
in minutes 

Average (a) 
infective 
centers (IC) 
per ml 

Ratio of IC formed 
under delayed con-
ditions/ic formed 
under simultaneous 

infections 

Gene 39 amNG457 

amNG604 

0 
4 

0 
4 

1 
1 

2 
2 

1 .85 x 
3.00 x 

2.60 
1 .70 

10§ 
10° 

log 
107 

0.02 

0.07 

(a) Results presented are average yields from the number of experiments 
Indicated. 

(b) Results of separate experiments on different clones isolated from the 
same strain of bacteria. 

ON 



well, the average being 95.7$. Therefore, the barrier to 

superinfection is not at the level of adsorption. Varga, 

Blackwood and Earhart (1971 ) found that about 40% of the 

superinfecting phage DNA remained in the phage coat, sug

gesting that the barrier to superinfecting phage is estab

lished at the level of the membrane which, although 

permitting phage adsorption, does not allow normal entry 

of superinfecting phage DNA. Fielding and Lunt (1970) 

abserved that the DNA injected by superinfecting phage was 

extensively degraded, suggesting that in addition to the 

membrane acting as a barrier to entry of DNA, the super

infection inhibition process also Involves breakdown of the 

DNA that enters. 

That a protein specified by the primary phage is 

Involved in superinfection inhibition was verified by the 

effect of chloramphenicol. 100-ug/ml of chloamphenicol 

(CAM) was tested for its effect on the ability of three 

mutants to establish a barrier to superinfection inhibition 

(Table II-2). AmN65 is defective in a late phage function, 

and amE839 and amEl42 contain mutations in gene 39 which 

specifies an early function. CAM was added either 3 min 

before or at the time of primary Infection and the phage-

cell mixture was diluted immediately after addition of the 

superinfecting wild type phage and assayed for infective 

centers after 8 min of adsorption. Under these conditions 

initial infection of cells with amN65 and amE839 resulted 



Table 11-2. Effect of Chloramphenicol (100>ug/ml) on the Ability of Amber Mutants to 
Inhibit Super-Infecting Wild Type Phage* 

Mutant used CAM 3 min. CAM CAM 3 min. 
for primary before with after No CAM 
infection first phage first phage first phage control 

Gene 59 amE142 1 .01 0.99 1.02 1 .00^ 

Gene 39 amE839 • 3.53 3.10 1 .00 1 .00 

Gene 24 amN65 2 . 2 2  2.16 0.99 1 . 0 0  

•Results are given as the ratio of infective centers measured, after treatment 
with CAM compared to a control in which no CAM was added (average of two separate 
experiments. 

(a)No CAM control taken as 1. 

o\ 
o\ 
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in a 2-3 fold increase in infective centers compared to 

other conditions when CAM was added either 3 min after 

superinfecting phage or was not added at all. When the 

cells were infected with amEl42. the subsequent superin

fecting phage can apparently Infect and develop efficiently 

whether CAM was added or not. These results suggest that a 

protein is involved in the process of inhibition of super-

infecting phage and that the phage mutant amEl42 lacks the 

ability to direct the synthesis of this protein. 

The results given in Table II-2 show that only amEl42 

confers on the cell the specific property of loss of pro

tection against superinfecting phage. None of the other 20 

gene 39 mutants tested showed this loss. This implies that 

amE142 may be a double mutant in which one mutation is an 

am mutation in gene 39, and the other mutation affects 

protection against superinfecting phage. Subsequent to the 

above work on the characterization of amE142 as a mutant 

defective in superinfection inhibition, other work in this 

laboratory by Vallee and Cornett (1972) showed that amE1 42 

also fails to develop immunity against superinfecting ghost 

particles. Furthermore, they verified the implication that 

the unique behavior of amEl42 is due to this strain carrying 

mutations in two genes. One mutation is an amber mutation 

in gene 39 and prevents phage development on E. coll S/6 • 

but has no effect on superinfection inhibition and the 

second mutation is in the 1mm gene and causes a defect in the 
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process which protects cells against ghosts and superin

fecting phage. The iram" mutation has been mapped by Cornett 

and Vallee (1973) between genes 42 and 43. Chllds (1973) 

used incomplete phage chromosomes in a study of superin

fection inhibition, and also mapped the immunity gene at the 

same location. 

The importance of the isolation of amEl42 is that 

it led to the discovery of a new gene, 1mm. which is respon

sible for immunity against superinfecting phage and ghost 

particles. The immunity gene has recently been shown to 

produce a product early in infection which acts stoichio-

metrically in carrying out its immunity function (Vallee 

and Cornett, 1973). This product has no apparent role In 

phage development aside from its protective role against 

superinfecting phage and ghosts. 

The work described In Part II of this thesis has 

been published (Mufti, 1972). 
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